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A cold-welding strategy is proposed to rapidly join together Au
nanoparticles (AuNPs) into two-dimensional continuous structures
for enhancing the electrooxidation of carbon monoxide by
injecting a mixture of ethanol and tolulene into the bottom of
a AuNP solution.
Welding, as a common fabrication technology in modern
industry, has continued to advance for several centuries in
the field of construction, manufacturing, and engineering.1
Recently, cold-welding, which joins materials without local
heating, has been used to weld heat-sensitive materials,2 and
may become an effective way for producing complex and
regular nanostructures in the future.3
As for electrocatalysis, nanoscale Au is more attractive than
Pt or Pt-based alloys because poisonous intermediates are not
produced in the electrooxidation of methanol or other small
organic molecules.4 The dependence of the electrocatalytic
activity on the size and shape of Au nanoparticles (AuNPs)
and the support materials have been extensively discussed in
the past.5 Nevertheless, to the best of our knowledge, no work
has been reported to manipulate the fine structure of AuNP
arrays by self-assembly at room temperature for adjusting
their electrocatalytic activities. Based on previous publications,6
a low-cost ethanol-mediated cold-welding strategy should be
able to rapidly prepare macroscopic welding nanostructures to
improve the electrocatalytic activity of AuNPs for carbon
monoxide (CO).
Ethanol has been demonstrated to be able to induce dispersed
AuNPs from aqueous solution up to the water/oil interface.6a–d
As illustrated in Scheme 1, the present strategy is that a
mixture of ethanol and toluene was injected drop by drop into
the bottom of a 18 nmAuNP solution at a rate of 2.0 mL min1
(see Supporting Informationw). Part of the ethanol in the
mixed oil droplets diffused into the aqueous solution sponta-
neously, simultaneously inducing the adsorption of AuNPs
onto the surface of the oil droplet. These AuNP-coated oil
droplets, gradually rose from the bottom of the AuNP solu-
tion to the top, due to their lower density relative to water, and
then formed a massive oil phase covering the surface of the
AuNP solution by coalescence. Meanwhile, AuNP monolayer
films were produced at the water–toluene interface (Fig. S1w).
The volume concentration of ethanol in the injected
mixture of ethanol and toluene is a key factor for achieving
the cold-welding of AuNPs, as shown in Fig. 1. When the
ethanol volume was fixed at 0.75 mL, the oil mixtures with
ethanol : toluene volume ratios of 1 : 3, 1 : 2 and 1 : 1 were
injected into a AuNP solution, respectively. Isolated and
slightly welded AuNPs co-existed at a low ethanol concentration
(Fig. 1A). With the increase of ethanol concentration in the oil
mixture, welding between neighboring AuNPs occurred and
gradually changed from a necklace-like structure (Fig. 1B) to a
dendritic nanostructure (Fig. 1C). Separately, with the toluene
volume fixed at 2 mL, the oil mixtures with ethanol : toluene
volume ratios of 1 : 2.5, 1 : 1.25 and 1 : 0.65 were injected into a
AuNP solution, respectively. Similarly, the welding of AuNPs
took place at higher concentrations of ethanol (Fig. S2w). In
the case of AuNPs in solution without cold-welding (Fig. S3w),
AuNPs were evenly distributed on a carbon-coated Cu grid
and had a short-range close-packed structure; no interparticle
welding was observed. These controlled experiments fully
confirmed the important function of ethanol concentration
for the AuNP cold-welding.
Absorption spectra were recorded to evaluate the structural
evolution of AuNP monolayer films caused by cold-welding
(Fig. S4w). When the ethanol : toluene volume ratios were 1 : 3,
1 : 2, and 1 : 1, surface plasmon resonance (SPR) bands of
Scheme 1 Illustration of the cold-welding and assembly process of
the AuNPs.
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AuNP monolayer films appeared at B689 nm, B722 nm, and
B889 nm, respectively. That is, with the increase of the
ethanol : toluene volume ratio, SPR bands gradually broadened
and shifted to red. These multipole-like resonances were
caused by different welding degrees of AuNPs.7
Additionally, for a fixed ethanol : toluene volume ratio, the
amount of ethanol directly affected the area of the interfacial
AuNP monolayer film. For example, under the condition that
the ethanol : toluene volume ratio was kept at 1 : 3, an oil
mixture containing 2.75 mL ethanol caused more AuNPs to
appear at the interface (Fig. S5w), forming a larger area film
than that containing 0.75 mL ethanol (Fig. 1A), and the
amount of ethanol does not influence the fine structure of
as-prepared AuNP monolayer films at a fixed ethanol : toluene
volume ratio. Therefore, the welding degrees and the areas of
AuNP monolayer films can be controlled by changing the
ethanol : toluene volume ratio of the oil mixture and the
amount of ethanol at a selected ethanol : toluene volume ratio,
respectively.
Why was the high concentration ethanol in the ethanol : toluene
mixture able to weld AuNPs? Nanoparticles trapped at an
oil/water interface have a strong lateral capillary attraction
between them due to the asymmetrical distribution of the
surface charges of interfacial nanoparticles.8 Ethanol has been
demonstrated to be able to reduce the surface charge of
AuNPs,6a which directly resulted in the change of the lateral
capillary attraction and the reduction of the Coulombic
repulsion between interfacial nanoparticles. When a higher
concentration of ethanol was used, the lateral capillary attraction
might be far stronger than the thermal energy and the dipole–
dipole and Coulombic repulsion, resulting in the welding
of AuNPs.
Here, another point needs to be addressed because only 18
nm AuNPs were employed for this study. This strategy is not
completely suitable for controllable welding of any size of
AuNPs according to our recent results. 30 nm AuNPs, just like
18 nm AuNPs, could form AuNP monolayer films with
different welding degrees (Fig. S6w). 3.5 nm AuNP monolayer
films always had a welding structure whatever the ethanol : toluene
volume ratio was (Fig. S7w). Note that the volume of either
ethanol or toluene cannot be fixed at 0, otherwise AuNPs
cannot appear at the surface of the AuNP solution.6c 59 nm
AuNPs were difficult to be welded into network structures and
only slightly fused (Fig. S8w). Therefore, the welding degree of
AuNPs only in a certain size range could be adjusted by the
ethanol : toluene volume ratio, but the precise size range is still
under study.
To study the cold-welding effect on electrocatalysis, 18 nm
AuNP monolayer films prepared with the ethanol : toluene
volume ratios of 1 : 3, 1 : 2 and 1 : 1 were used for CO electro-
oxidation. The effective surface areas of the AuNP monolayer
films were estimated from the Au reduction peaks of the cyclic
voltammograms in 0.5 mol L1 H2SO4 by using the theoretical
value of 400 mC cm2.9 Fig. 2 showed cyclic voltammograms
of the AuNP monolayer films in 0.5 mol L1 KOH solution
saturated with CO. In the anodic sweep, Au was electrooxidized
to gold oxide, leading to an activation of the catalytic activity.5b,e
Hence, in the cathodic direction, the primary CO electro-
oxidation peaks were observed at the range of 0 V to 0.1 V,
similar to previous reports.4c,5e,10 As the ethanol : toluene
volume ratio changed from 1 : 3 to 1 : 1, the oxidation peak
current densities of CO successively increased. This characteristic
evolution of cyclic voltammograms can be attributed to the
structural conversion of the AuNP monolayer films. As shown
in Fig. 1, increasing ethanol concentration in the ethanol and
toluene mixture directly enhanced the welding of neighboring
AuNPs. Therefore, the above results strongly indicate that
the welding between AuNPs is favorable for improving the
electrocatalytic activity of AuNPs.
Generally, the rough Au surface has much better catalytic
activity than the smooth one due to the existence of lots of
edges between facets, corner atoms, kinks and steps.11 Thermal
treatment has been reported to improve the catalytic activities
of Au films by increasing roughness and the number of
coordinatively unsaturated atoms,4a,12 but also caused the
coagulation of AuNPs into larger particles. To avoid this
problem, sonochemical treatment was proposed to heat-treat
AuNPs to achieve higher catalytic activity.13 Additionally,
Chen et al. found that bilayer Au clusters were infinitely
preferable for CO oxidation due to the formation of joints.14
Moreover, nanowire networks formed by the growth of
nanoparticles also exhibited better catalytic activity than the
corresponding nanoparticles because of the connections
between the nanoparticles.15 In our case, the cold-welding
resulted in contact and fusion of the AuNPs. The large
abundance of grain boundaries and the effective electronic
conduction and passage through the highly interconnected
networks may be responsible for this enhanced catalytic
activity.
In brief, cold-welding of AuNPs was achieved simply by
injecting an ethanol and toluene mixture into a AuNP
Fig. 1 TEM images of 18-nm AuNP monolayer films obtained by
injecting mixtures with the ethanol : toluene volume ratios of 1 : 3 (A),
1 : 2 (B) and 1 : 1 (C), respectively. The injected volume of ethanol was
fixed at 0.75 mL.
Fig. 2 Cyclic voltammograms of 18-nm AuNP monolayer films
prepared with different ethanol : toluene volume ratios in 0.5 mol L1
KOH saturated with CO at a scan rate of 100 mV s1: (A) 1 : 3, (B) 1 : 2
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solution. The as-prepared welded Au nanostructures exhibited
superior catalytic activity for CO electrooxidation due to their
abundant grain boundaries and effective electronic conduction
path. This cold-welding procedure is a straightforward approach
for the fabrication and bottom-up assembly of large-area
welded nanostructures and may also have potential applications
in the engineering of nanoelectronic devices.
This study was supported by the NSFC (No. 20703016) and




2 (a) S. R. Forrest, Nature, 2004, 428, 911–918; (b) F. Garnier,
R. Hajlaoui, A. Yassar and P. Srivastava, Science, 1994, 265,
1684–1686; (c) G. Eda, G. Fanchini and M. Chhowalla, Nat.
Nanotechnol., 2008, 3, 270–274.
3 (a) G. S. Ferguson, M. K. Chaudhury, G. B. Sigal and
G. M. Whitesides, Science, 1991, 253, 776–778; (b) C. Kim,
P. E. Burrows and S. R. Forrest, Science, 2000, 288, 831–833;
(c) Y. Lu, J. Y. Huang, C. Wang, S. H. Sun and J. Lou, Nat.
Nanotechnol., 2010, 5, 218–224; (d) T. Nagahiro, K. Ishibashi,
Y. Kimura, M. Niwano, T. Hayashi, Y. Ikezoe, M. Hara,
T. Tatsuma and K. Tamada, Nanoscale, 2010, 2, 107–113;
(e) Y. Bi and J. Ye, Chem. Commun., 2010, 46, 6912–6914.
4 (a) S.-G. Sun, W.-B. Cai, L.-J. Wan and M. Osawa, J. Phys.
Chem. B, 1999, 103, 2460–2466; (b) M. M. Maye, Y. B. Lou and
C. J. Zhong, Langmuir, 2000, 16, 7520–7523; (c) T. F. Jaramillo,
S. H. Baeck, B. R. Cuenya and E. W. McFarland, J. Am. Chem.
Soc., 2003, 125, 7148–7149; (d) Z. Borkowska, A. Tymosiak-
Zielinska and R. Nowakowski, Electrochim. Acta, 2004, 49,
2613–2621; (e) C. F. Yu, F. L. Jia, Z. H. Ai and L. Z. Zhang,
Chem. Mater., 2007, 19, 6065–6067.
5 (a) G. C. Bond, Catal. Today, 2002, 72, 5–9; (b) B. R. Cuenya,
S.-H. Baeck, T. F. Jaramillo and E. W. McFarland, J. Am. Chem.
Soc., 2003, 125, 12928–12934; (c) B. K. Jena and C. R. Raj,
Langmuir, 2007, 23, 4064–4070; (d) B. K. Jena and C. R. Raj,
J. Phys. Chem. C, 2007, 111, 15146–15153; (e) P. Diao,
D. F. Zhang, M. Guo and Q. Zhang, J. Catal., 2007, 250, 247–253.
6 (a) F. Reincke, S. G. Hickey, W. K. Kegel and
D. Vanmaekelbergh, Angew. Chem., Int. Ed., 2004, 43, 458–462;
(b) H. W. Duan, D. A. Wang, D. G. Kurth and H. Mohwald,
Angew. Chem., Int. Ed., 2004, 43, 5639–5642; (c) Y. J. Li, W. I.
J. Huang and S. G. Sun, Angew. Chem., Int. Ed., 2006, 45,
2537–2539; (d) S. Yun, Y. K. Park, S. K. Kim and S. Park, Anal.
Chem., 2007, 79, 8584–8589; (e) C. Liu, Y.-J. Li, M.-H. Wang,
Y. He and E. S. Yeung, Nanotechnology, 2009, 20, 065604.
7 (a) M. Brust, D. Bethell, C. J. Kiely and D. J. Schiffrin, Langmuir,
1998, 14, 5425–5429; (b) C. A. Mirkin, R. L. Letsinger,
R. C. Mucic and J. J. Storhoff, Nature, 1996, 382, 607–609;
(c) M.-H. Wang, J.-W. Hu, Y.-J. Li and E. S. Yeung, Nanotechno-
logy, 2010, 21, 145608.
8 M. G. Nikolaides, A. R. Bausch, M. F. Hsu, A. D. Dinsmore, M. P.
Brenner, C. Gay and D. A. Weitz, Nature, 2002, 420, 299–301.
9 H. Angerstein-Kozlowska, B. E. Conway, A. Hamelin and
L. Stoicoviciu, J. Electroanal. Chem., 1987, 228, 429–453.
10 P. Diao, J. Y. Wang, D. F. Zhang, M. Xiang and Q. Zhang,
J. Electroanal. Chem., 2009, 630, 81–90.
11 C. G. Long, J. D. Gilbertson, G. Vijayaraghavan, K. J. Stevenson,
C. J. Pursell and B. D. Chandler, J. Am. Chem. Soc., 2008, 130,
10103–10115.
12 (a) J. Luo, V. W. Jones, M. M. Maye, L. Han, N. N. Kariuki and
C. J. Zhong, J. Am. Chem. Soc., 2002, 124, 13988–13989;
(b) J. Luo, V. W. Jones, L. Han, M. M. Maye, N. N. Kariuki
and C.-J. Zhong, J. Phys. Chem. B, 2004, 108, 9669–9677;
(c) F. Boccuzzi, A. Chiorino, M. Manzoli, P. Lu, T. Akita,
S. Ichikawa and M. Haruta, J. Catal., 2001, 202, 256–267.
13 Y.-H. Lee, G. Kim, M. Joe, J.-H. Jang, J. Kim, K.-R. Lee and
Y.-U. Kwon, Chem. Commun., 2010, 46, 5656–5658.
14 M. S. Chen and D. W. Goodman, Chem. Soc. Rev., 2008, 37,
1860–1870.
15 (a) G. W. W. Qin, W. L. Pei, X. M. Ma, X. N. Xu, Y. P. Ren,
W. Sun and L. Zuo, J. Phys. Chem. C, 2010, 114, 6909–6913;
(b) J. J. Wang, Y. G. Chen, H. Liu, R. Y. Li and X. L. Sun,
Electrochem. Commun., 2010, 12, 219–222; (c) S. Y. Wang,
X. Wang and S. P. Jiang, Nanotechnology, 2008, 19, 455602.
D
ow
nl
oa
de
d 
by
 X
ia
m
en
 U
ni
ve
rs
ity
 o
n 
29
 M
ar
ch
 2
01
2
Pu
bl
is
he
d 
on
 1
4 
M
ar
ch
 2
01
1 
on
 h
ttp
://
pu
bs
.r
sc
.o
rg
 | 
do
i:1
0.
10
39
/C
1C
C
00
10
0K
View Online
